I Pepsin is insoluble in hydrophobic lbond(t-l)r(king reagents. Although it is possible to dissolve the protein in dichloroacetic acid, an irreversible loss of activity occurs instantaneously; likewise exposure to 2-chloroethanol inactivates pjepsin whether the assay is conducted in the presence or absence of the reagent.
Introduction.-For many years it has been hypothesized that induced enzyme formation and antibody production are closely related processes. As pointed out by Pollock,' this proposal was made by Dienert in 1900, who described the "adaptation" of yeast to galactose, at the time when immunochemical phenomena were first coming under intensive investigation. A wealth of experimental evidence has since accumulated, showing that both of these protein-forming systems utilize amino acids rather than larger peptide units as precursors, that they are under strict genetic control, and that the site of guidance for their specificity may be a template of ribonucleoprotein. The extensive literature which has led to these conclusions has been reviewed by Borsook,2 Spiegelman,3 Haurowitz,' and Burnet. 5 One major difference in the detailed mechanisms involved in induced enzyme versus antibody protein formation lies in the well-known fact that the former process is initiated by an inducer (determinant) of low molecular weight and simple structure, whereas the latter system requires an antigen having an obligatory molecular weight of many thousands. Yet, the classical studies of Landsteiner6 have demonstrated that the specificity of the antibody can be directed against simple determinant groupings (haptens) which may be attached to the carrier antigen. If one makes the assumption that the microbial induction of specific enzymes and the mammalian formation of specific antibodies differ essentially only in the ability of the microorganisms to attach the inducer either to pre-existing or to newly-formed high molecular weight "carrier," around which the appropriate enzyme synthesizing apparatus can fold, it seems not unlikely that the specificity engendered by a common determinant grouping in each of these systems would be similar.
An ideal basis for the comparison of specificity in these two protein synthesizing systems presents itself in the careful delineation of the structural requirements for substrates, for inducers, and for induction-inhibition of #-galactosidase in E. coli by Monod and co-workers,7 and in B. megaterium by Landman ;8 and in the study of Gross and Tatum9 on the induction and inhibition of protocatechuic acid oxidase in Neurospora. By coupling galactose in f3-glycosidic linkage to bovine serum albumin, and by conjugation of protocatechuic acid to the same protein fraction through its carboxyl group, we have prepared synthetic antigens presumably corresponding to possible inducer-template complexes. Rabbit antisera to these antigens were tested with the appropriate enzyme inducer-substrates, inducernonsubstrates and inhibitors, for the ability of these compounds to act as hapten inhibitors. It has thus been possible to demonstrate a parallelism between the stereochemical and conformational requirements of enzyme induction and those for the antibody protein forming system in a direct experimental manner.
Materials and Methods.-Antigens: The synthesis of ,3-galactosyl phenylazo proteins for use as antigens has previously been described by Goebel and Avery.10 p-Aminophenyl-fl-D-galactoside, [a]"l = -40.3°, was prepared essentially by their procedure, and was coupled by diazotization to bovine serum albumin (BSA, Armour fraction V) by the procedure by Westphal and Feier.1" Analysis of the purified antigen by the anthrone method showed that 14 sugar residues were attached per mole (assumed M. W. 70,000) of BSA.
Protocatechuic acid, vanillic acid, and 2,4-dihydroxybenzoic acid, respectively, were coupled to BSA by the mixed anhydride method previously applied by Erlanger et al.12 to the preparation of steroid-protein conjugates. In a typical experiment, 2.3 gm. (0.03 mMole) of BSA were dissolved in a mixture of 40 ml. of water and 50 ml. of tetrahydrofuran, and the pH was brought to 10.6 by adding 20 ml. of 0.1 N NaOH. The mixed carbonic anhydride was prepared by treatment of 0.237 gm. protocatechuic acid (1.5 mMole) in 15 ml. cold tetrahydrofuran with 0.36 ml. tri-n-butylamine (1.5 mMole) and then with 0.2 ml. isobutylchlorocarbonate (1.5 mMole). After 15 minutes in the ice-bath, an additional 0.7 ml. of tri-n-butyl-amine was added, and the entire contents of this flask were added at once to the chilled protein solution. The reaction mixture was stirred in the cold for 20 minutes, and then for an additional 20 minutes at room temperature. Following 24-hour dialysis against cold running tap water, the solution containing the protein conjugate was chilled and treated with dilute HC1, whereupon the conjugate precipitated. The precipitate was centrifuged, suspended in water, and dissolved by the addition of NaHCO3 to pH 6.8. After further dialysis for several days, protocatechuic acid-bovine serum albumin conjugate (PCA-BSA) was isolated by lyophilization. Analysis of the aroyl-protein conjugates, by acid hydrolysis and spectrophotometric determination of the resultant ether-extractable hapten, demonstrated that an average of 20 aromatic residues were attached per mole (assumed M. W. 70,000) of BSA.
Immunochemical Procedures: Antisera were obtained from rabbits immunized with alum-precipitates of each of the conjugated haptens."3 All antisera were absorbed with BSA before use in order to remove any antibody which was specific for BSA and not for the introduced haptenic group. Quantitative antibody determinations followed the procedures described by Kabat and Mayer.' The specific precipitates were analyzed with the Folin-Ciocalteu14 reagent, and the hapten inhibition technique was employed qualitatively6 and quantitatively'5 to study the specificity of the antisera. The various haptens were incubated with the antiserum prior to the addition of the homologous conjugated antigen. The effectiveness of each hapten in inhibiting precipitation was calculated from a comparison of the precipitate formed in the presence of the hapten to the amount which was formed in control tubes containing only the antibody and antigen.
Haptens: Most of the polyhydroxy aromatic acids and analogs were commercially available and were recrystallized to their proper physical constants before use. We should like to thank Dr. S. R. Gross for a generous sample of protocatechuic acid (PCA). We are indebted to Drs. Spiegelman, Cohn, Halvorsoii, Isbell, and Wolfrom for many of the thiogalactosides and sugar derivatives used in these experiments. Other galactosides and analogs were synthesized by previously published methods.
Results.-PCA-BSA, antiPCA-BSA System: In Table I are presented data for hapten inhibitions, compared visually with control tubes, for this antibody-antigen reaction. It can be seen that there is a good correlation between the ability of compounds to act as hapten inhibitors, and the relative effectiveness of the same compounds in the induction of protocatechuic acid oxidase in Neurospora. Especially noteworthy was the finding that 2,4-dihydroxybenzoic acid, a noninducer but a competitive inhibitor of the enzyme itself, is not a good hapten inhibitor, whereas vanillic acid, a good inducer for the mold enzyme synthesis, is a powerful hapten inhibitor in the immunochemical test. From these data, it would appear to a first approximation, that the specificity of hapten inhibition follows closely the pattern of specificity for enzyme induction in Neurospora. In contrast, salicylic acid is an apparent exception, since it acts as a hapten inhibitor, but cannot induce the synthesis of the Neurospora enzyme. Separate tests demonstrated that salicylic, acid, at these concentrations, inhibited even the nonrelated BSA-anti-BSA reaction. This nonspecific binding is probably due to attachment of the salicylate anion to the cationic centers of the protein, as was shown by Lindenbaum and Schubert. 16 In fact, the problem of nonspecific binding of the various aromatic polyhydroxycarboxylic acids proved to be so great that it was not possible to make any quantitative comparisons on the basis of the relative immunochemical effectiveness of these compounds in inhibiting aroylprotein, antiaroyl-protein precipitations. However, these qualitative preliminary results obtained with the protocatechuic acid conjugates indicated that the experimental approach was feasible, and our attention was next directed toward the fl-galactosidase system, wherein nonspecific interferences due to solvolysis and to ionization would be minimal.
fl-gal-BSA, anti-fl-gal-BSA System: A comparison of the specificity of induction of 0-galactosidase in E. coli and in B. megaterium with that of hapten inhibition in the anti-#-phenylazo-galactoside system is given in Table 2 L-arabinose, which has the same stereochemical configuration as does D-galactose, acts as a weak hapten-inhibitor in the antigen-antibody reaction. This compound induces f-galactosidase synthesis in B. megaterium but not in E. coli, but does not combine with the enzyme. Melibiose and lactose, which on a molar basis are weak enzyme inducers in E. coli, are also weak hapten inhibitors, as is neolactose which is a noninducer substrate. Phenyl-a-D-galactoside, also a weak hapten-inhibitor, was the only compound tested which combines with the antibody, but which does not react in the induced enzyme system. An optical rotation determination showed that the preparation used contained about 4 per cent of the A-isomer which may account for a good part of its hapten-inhibiting activity.
The correspondence between the induced enzyme and antibody forming systems in so far as structural specificity for inversion at the carbon atom #4, and for a- Another interesting series of correlations can be made by considering the experimental results obtained in both protein-forming systems with respect to the thiogalactosides. Again stereo-specificity with respect to inversion at carbon atom #4 holds true, since the f3-thioglucosides are inactive as hapten inhibitors. Phenyl-,B-D-thiogalactoside, which does not induce enzyme production in E. coli, but which inhibits the fully formed enzyme from this microorganism, is known to act as an inducer in B. megaterium. On a molar basis it is one of the most efficient hapten inhibitors of the analogous antibody-antigen reaction. The closeness of fit in this particular biological immunochemical test would require, if our original premise be correct, that the compound act somewhere in the induction process leading to ,3-galactosidase. The fact that it is active at the enzyme-forming site in one case, and at the enzyme active surface in the other, indicates that this generalization has validity. Finally, it should be pointed out that the thio analogs methyl-,3-Dthiogalactoside and p-aminophenyl-fB-D-thiogalactoside, which are nonsubstrate inducers for 3-galactosidase of B. megaterium, also fit well into the surface profile of the antibody.
Recently, another biological phenomenon has been described which has a bearing on this problem. This is the "permease" enzyme system, at the surface of the E. coli cell. It has been shown, for example,"8 that the analog f-thiodigalactoside is an inhibitor not only for the induced enzyme itself, but that this compound is very effective in preventing induction at the "permease" site. It was not surprising, therefore, that this substance when tested with the mammalian antiserum to the ,3-galactosido-protein also demonstrated a strong specific bonding to the active site.
Discussion.-With rare exceptions, compounds capable of inducing f3-galactosidase, acting as substrates or inhibitors for the complete enzyme, or acting as inducers or inhibitors of "permease" in E. coli and in B. megaterium, also specifically combined with the antibody to the fl-galactosido-phenylazo-protein produced in the rabbit. A similar correspondence was found between the induced protocatechuic acid oxidase of Neurospora and the rabbit antibody to the protocatechuoyl-protein.
In spite of the probable extensive difference in the over-all structure of the induced enzyme and of the specific antibody, the data strongly suggest that the surface profile of the active site on a protein, which is specific for a given low molecular weight determinant group, will be similar in any organism genetically endowed to form it, and that specificity resides primarily in the molecular conformation of the determinant.
The specificity for f-galactosides and for aromatic hydroxy carboxylic acids was artificially introduced into the antibodies by the classical technique of forming a stable chemical bond between the hapten and the antigen. It is believed that a corresponding bond, with the same orientation and with a reasonable half-life, must be formed between the inducer and the initial receptor for the inducer in microbial systems. Thus, in the case of ,3-galactosidase induction, this bonding could occur by transglycosidation, with stereospecificity still maintained in a chemically active inducer-receptor linkage. Likewise, aromatic carboxylic acids or amino acids acting as inducers may go through an initial activation at their carboxyl groups, ria adenylic anhydrides, which could then transfer the specific informative group to the receptor, thus creating a relatively stable link. The interesting results obtained with induced penicillinase enzyme from B. cereus' (where induced cells in a medium freed of the inducer continue to make enzyme) can be considered in light of this hypothesis as being due to the formation of a strong undissociable bond by acylation of the receptor macromolecule through opening of the fl-Iactam ring of the inducer itself.
At the outset of this investigation, it was thought that it might be possible to correlate the specificity of the antibody either with the specificity of the enzymeforming system, or with the specificity of the induced enzyme. In the protocatechuic acid system, the qualitative findings indicated more of a parallelism to the induction process. Consideration of the anti-#-D-galactoside system-for which the data are far more reliable and for which there already exist in the literature results obtained for several microbial inductions indicates that the apparent distinction between specificity for induction and specificity for structural requirements of inhibitors or substrates of the induced enzyme, is fast disappearing. As previously mentioned, pheny-f-D-thiogalactoside which does not induce enzyme production, but which inhibits the fully-formed enzyme in E. coli, has been shown to act as an inducer in B. megaterium. Where the data are available, it can be seen that all compounds which are potent hapten inhibitors have more than one activity with respect to the induced systems (i.e., enzyme affinity, induction, and permease affinity). Only two of the good hapten-inhibitors, 6-bromo-2-naphthyl-O-D-galactoside (a subtrate) and p-aminophenyl-$-D-galactoside (no published data), have not been studied in more than one system. It would appear, from our data and our original premise, that these two substances should be active in the induction process leading to j3-galactosidase.
There appears to be little doubt that the site of induction is probably located in the cellular organization elsewhere than at the enzyme level. Moreover, although the size of the antibody combining site is probably larger"5 than the induction site, the induction site might have a profile analogous to the terminal portion of the combining site of the antibodies produced against the haptens (inducers). It might therefore be possible to use antiserum to an inducer as a reagent for determining the actual site of induction. Since both the induction site and the antibody when mixed together should then compete for the inducer (hapten), the effect of such competition might be quantitatively determined by the methods herein described, employing various subcellular fractions of an inducible microorganism.
Summary.-Antigens containing protocatechuic acid or the fl-galactosido-groups coupled to bovine serum albumin have been synthesized. Antibodies to these antigens have been obtained whose specificity toward various hapten analogs parallels the specificities previously found for these compounds acting as inducers, substrates, and inhibitors in induced microbial systems. These results suggest that directed protein synthesis, stimulated by a specific determinant group, takes place by a similar mechanism in all biological systems.
16 Lindenbaum, A., and J. Schubert, J. Phys. Chem., 60, 1663 Chem., 60, (1956 Since the discovery of the carcinostatic action of 5-fluorouracil (FU)l the mechanism of inhibition by this antimetabolite has been studied in tumor cells,2 in viral3 and in microbial systems. 4 5 It has been shown that the interference of FU with cellular syntheses is complex: the free base FU inhibits uridine synthesis by blocking the enzyme uridine phosphorylase6 and after being assimilated into various nucleotide derivatives by the cell, FU inhibits the synthesis of thymine by blocking the methylation of deoxyuridylic acid.3 The ribonucleotide derivative of FU is incorporated into the RNA of tumor cells, bacteria, and tobacco mosaic virus, substituting for uracil in the polymers.2 Disturbances of protein synthesis in FU treated bacteria have also been reported.7
Cohen et al.5 in their extensive studies on the toxicity of FU in E. coli B strains have summarized the action of FU as affecting both uracil and thymine metabolism; effects related to uracil requirements inhibited growth but not survival, while effects related to the creation of thymine deficiency were markedly bactericidal.
During studies of the action of FU on E. coli K-12 we have observed a new feature of FU inhibition, namely, the existence of an early phase during which the restoration of the bacterial cell to viability can be achieved in a hyperosmotic milieu.
When E. coli K-12 cells in exponential growth phase in synthetic medium are exposed to various concentrations of FU (2 ,ug per ml up to 1 mg per ml gave qualitatively the same results) for several generation times and are plated at intervals on ordinary nutrient agar plates for the determination of colony forming viable cells, the number of "dead" cells in the population increases at a high rate. However, if identical aliquots of such drug-treated organisms are plated on nutrient agar plates into which high concentrations of neutral salts, sucrose, or other solutes are incorporated, the apparent survival rate is completely altered. For example, if, after 60 minutes of exposure to the drug the bacterial culture is plated on ordinary nutrient agar plates, over 95 per cent of the cells fail to give rise to colonies; however, plated on hyperosmotic nutrient agar plates close to 95 per cent of the original cells become viable colony formers. In Figure 1 the difference in viable colony forming cell counts on ordinary nutrient agar platest and on nutrient agar plates supplemented with sucrose § is indicated.
E. coli K-12 cells which had not been exposed to FU always yielded the same number of colonies on the normal or on any of the supplemented plates used. The
